Abstract: This paper presents a full 3D study of a shielded ECT sensor. The spatial resolution and effective sensing field are obtained by means of Finite Element Method based simulations and are the compared to a conventional sensor's characteristics. An effective improvement was found in the sensitivity in the pipe cross-section, resulting in enhanced quality of the reconstructed image. The sensing field along the axis of the sensor also presents better behaviour for a shielded sensor.
Introduction
In the recent years, Electrical Capacitance Tomography (ECT) and Electrical Impedance Tomography (EIT) have been widely used to image and control flow processes involving several phases, such as gas-oil, water-oil, sand-air, and so on... [1] [2] [3] .
These techniques are used to obtain information about the spatial distribution of a mixture of materials inside a vessel, by measuring the electrical capacitances or resistances between sets of electrodes placed around its periphery and converting them into an image showing the distribution of permittivity or resistivity, respectively, by means of tomography data processing. The quality of the reconstructed image depends on the sensor configuration, since it determines the resolution and effective sensing field of the system. Finite Element Method (FEM) based simulations have prove to be useful tools for studying the sensitivity of ECT and EIT sensors [4] [5] [6] and can therefore be applied to obtain optimum designs.
In this paper, a in-house FEM software package is used to characterize a shielded ECT sensor, which has a grounded isolation around every measurement electrode and driven guard (see Figure 1  (a) ). The resolution obtained in the cross-section of the pipe and along the Z axis is compared to conventional non-shielded sensor resolution. The FEM software is aimed at solving both the forward and the inverse problems. The forward problem is to obtain the set of capacitances between all the different electrode pairs, for a given permittivity distribution. In contrast the inverse problem is to obtain the permittivity distribution, that is, the reconstructed image, from a set of measured capacitances. To solve both problems, relationship (1) is used, with appropriate Dirichlet conditions.
where ε(x,y,z) is the permittivity distribution inside the pipe, φ(x,y,z) is the potential distribution and Γ is the electrode surface. The mesh used to apply the FEM scheme is shown in Figure 2 . This mesh is repeated along the Z axis. The system used here consists of a sensor with 10 measurement electrodes and two sets of driven guards. The electrode size is 3 cm x 3 cm. Guard length is 5 cm, inner radius is 6 cm, and outer radius is 6.5 cm. An external grounded screen surrounds the sensor, with a radius of 7.5 cm. The pipe wall is assumed to have a relative permittivity of 2.8.
Numerical results
The main effect of the grounded shield is to confine the field lines within the pipe, so that they cannot travel from the source electrode to the measuring electrode through the pipe wall, as shown in Figure 3 . As can be seen, the field lines that travel from the source electrode through the pipe wall, crossing the equi-potential lines perpendicularly, die at the grounded axial tracks before they can reach the measuring electrode. The external field lines are neutralized by the grounded screen. Consequently, the capacitance measured between these electrodes is due only to the field lines that cross the dominion under study, i.e., the interior of the pipe.
This reduction in the field lines that reach the measurement electrode causes a decrease in the accumulated charge in the electrode that results in a lower capacitance. Figure 4 shows the standing capacitances when the pipe is full of air for a shielded and a non-shielded sensor. Source electrode is number 1.
The sensitivity map for an electrode pair i-j is given by equation (2).
where C ij (e) is the capacitance between electrodes i-j when every element inside the pipe has a permittivity of ε l (lowest value) except for element e, which has a high value of permittivity ε h , C ij l is the capacitance between electrodes when the medium inside the pipe has low permittivity , and C ij h is the capacitance when the medium has high permittivity. The parameter µ(e) is a scale factor related to the area or volume of the element. The sensitivity maps at z=0 for the different electrode pairs are affected by the shielding arrangement. Figure 5 depicts a comparison between sensitivity maps for several electrode pairs in shielded and non-shielded sensors. indicates that the sensitivity is higher, in absolute terms, when a shielding arrangement is used, and that the sensing area for every electrode pair [7] is improved. Moreover, in the shielded sensor the highest sensitivity is found close to all the electrode surfaces, and not only near the edges, as happens in the non-shielded sensor.
The electric field distribution along the Z axis also becomes distorted when grounded shielding is present. Figure 6 shows how the equi-potential lines are affected by the influence of the grounded tracks between the measurement electrode and the driven guards. This distortion has a direct effect upon the effective sensing field. To check the influence of the shielding arrangement on the Z-detection maps [7] , the sensitivity of adjacent and opposite electrodes along the Z axis was calculated at three typical test elements shown in Figure 7 . The detection maps (normalized sensitivity maps) along the Z axis obtained are presented in Figure  8 . The effective detection width is narrower near the electrodes for a shielded sensor. For opposite electrodes (right column in Figure 8 ), the absolute sensitivity is clearly improved when using the grounded shield. For adjacent electrodes, the sensitivity is higher for the shielded sensor only near the source and measurement electrodes and gets worse farther from them. Moreover, the sensitivity shape shows strong shifts near the edges of the electrodes in the shielded sensor, but is smoother in the nonshielded sensor.
Test element

Image reconstruction
A simulated image reconstruction of objects shown in Figure 9 (a) was carried out with the two sensor schemes. Reconstructed permittivity distribution was obtained using the singular value decomposition method to solve (3), where g is the permittivity vector, S is the Jacobian matrix of normalized capacitance (i.e. the matrix of sensitivity maps) and λ is the normalized capacitance vector. 
with the coefficients σ k being the singular values of S.
The approximate solution of (3) is then given by:
Reconstructed images for a non-shielded sensor and a shielded sensor are presented in Figures 9 (b) and (c), respectively.
The norms of the original (g) and obtained (g * ) permittivity distribution vectors can be used to calculate the relative image error [8] :
The image error for the first permittivity distribution (Figure 9 (a) ) is 1.2267 for the non-shielded sensor, and 0.6933 for the shielded one. For the second permittivity distribution (in Figure 9 (b) ), the errors are 0.4583 and 0.289 for the non-shielded and the shielded sensors, respectively.
From these results, it is proved that the reconstructed image quality is better when using a grounded shield. 
Annular distribution
Conclusions
The scheme of a shielded ECT sensor has been introduced. Finite Element Method based simulations have been carried out in order to study the sensitivity parameters of the shielded sensor, and the results have been compared to the response of a non-shielded sensor with the same electrode configuration.
The shielded sensor presents better behaviour in the cross-section, with higher absolute sensitivity and broader sensing space. Furthermore, the sensing field was found to improve along the Z axis, especially for opposite electrodes, although a distortion effect arose in the form of shifts near the edges of the electrodes.
The overall effect of the shielding arrangement was checked by simulating two image reconstructions using a singular value decomposition technique. The quality of the image obtained with the shielded sensor was clearly better than that reconstructed with the non-shielded one, in both cases.
The only disadvantage to using a shielded sensor is the lower inter-electrode capacitances to be measured, which might cause a resolution problem when using a certain sensing-electronics.
